Well-dispersed gold nanodumbbells (GNDs) in an aqueous phase have been successfully fabricated by an electrochemical method using a micelle template formed by two surfactants with the addition of acetone solvent during electrolysis, the primary surfactant being cetyltrimethylammonium bromide (CTABr) and the cosurfactant being tetradecyltrimethylammonium bromide (TTABr). The role of acetone solvent is found to change the gold nanoparticles' shape from a rod to a dumbbell. The shape of the GNDs is fatter at the two ends and thinner in the middle section. The GNDs have been determined to be pure gold with a single-crystalline face-centred cubic (FCC) structure from selected area electron diffraction (SAED) patterns. Morphology features of GNDs in cross-section have also been investigated by dark field (DF) transmission electron microscopy (TEM) images. These GNDs exhibit octagonal structure in cross-section and an aspect ratio of around 3.
Introduction
Extensive and intensive investigation of gold nanoparticles in biology, nonlinear optical switching, the formation of a modified surfaces for surface-enhanced Raman scattering, immunoassay labelling, optical contrast agents and catalysis have revealed that the size or shape of the particles are strongly dependent on physical, optical and chemical properties [1] [2] [3] [4] [5] [6] . Thus, gold nanoparticles become very reactive in the nanosize range. Most of the previous works regarding gold nanoparticles deals with those that have spherical morphology. However, nonspherical gold nanoparticles should have different, and perhaps more interesting, properties and 6 Author to whom any correspondence should be addressed.
applications. In recent years, several special shapes and structures have been studied for gold nanoparticles, such as nanorings, nanoplates, dendrimer-like, dog-bones and nanoprisms [7] [8] [9] [10] [11] . The development of well-controlled shapes and novel structures for gold nanoparticles therefore has become a very important issue.
Electrochemical techniques are essential for many types of nanoscale materials fabrication and processing such as the porous layers, formation of ultra-thin films and materials with nanoscale compositional and structural variations [12] [13] [14] . Furthermore, the synthesis of noble-metal nanoparticles by the electrochemical method with tetraalkylammonium salts as polymer molecules has been widely researched for the first time since the early Reetz research work (1994) [15, 16] . Recently, gold nanorods with fairly good uniformity and controlled aspect ratios of 2-7 using the electrochemical method by introducing a shape-inducing cosurfactant were prepared by Yu et al [17] . Well-defined nanowires and nanorods of metals or compounds have been prepared by means of electrodeposition in membrane templates [18] . Wiley et al and Bartlett et al have reported other forms of electrochemical metal deposition [19, 20] . In an analogous manner, Rodrigues-Sanchez et al prepared silver nanoparticles, ranging in size from 2 to 7 nm, in acetonitrile [21] . Nanoparticles of γ -Fe 2 O 3 using electrochemical synthesis have also been reported by Pascal et al [22] . Some of the advantages of these electrochemical methods are the high purity of the particles, low processing temperature, modest equipment, low cost and the possibility of precise particlesize control achieved by adjusting the current density, applied potential, reaction temperature, electrolyte concentration, etc. In our research group, we have successfully developed a simple electrochemical method for the fabrication of one-dimensional gold nanorods with crooked structures [23, 24] . Furthermore, the quick synthesis of single-crystalline gold nanocubes in large quantity and with uniformity in size has also been developed using the electrochemical method in our previous studies [25, 26] .
Recently, Sau and Murphy demonstrated that gold nanorods with dumbbell-like morphology can be found by the chemical reduction of AuCl 4 ions with the addition of AgNO 3 [27] . Liu and Guyot-Sionnest have also reported that gold nanorods with a dumbbell-like shape were discovered in aqueous solution by chemically depositing silver on the surface of gold nanorods as Au/Ag core/shell nanorods [28] . Until now, to our knowledge, there has not yet been a study of the synthesis of novel gold nanodumbbells (GNDs) using this electrochemical method. Further, the literature presents no proposed mechanism for the synthesis of GNDs via electrochemical methods, and the structural, optical and chemical properties of GNDs have not been established. Therefore, in this paper we demonstrate for the first time that electrochemical methods can be used to produce GNDs by the continuous addition of acetone solvent during electrolysis. We will report the structure morphology and optical behaviour of the GNDs. Also, the formation mechanism of the GNDs by the electrochemical method will be proposed and discussed.
Experimental details

Chemicals and materials
Cationic cetyltrimethylammonium bromide (CTABr, 98%) and cationic tetradecyltrimethylammonium bromide (TTABr, 99%) were obtained from Fluka.
Acetone (99%) was purchased from J T Baker. Reagent alcohol from Sigma, hydrochloric acid from Merck, and nitric acid from Merck were employed. Aqua regia was a mixture of hydrochloric acid and nitric acid (3:1 wt%). All chemicals were of analytical grade and were used without further purification. Water used throughout the experiments was purified by a MilliQ system (Millipore resistivity 18.2 M cm). The gold plate and platinum plate, both 99.99% pure, were purchased from Gredmann. 
Electrochemical apparatus
The device configuration for electrochemical preparation is shown schematically in figure 1. The synthesis of GND was performed in a simple two-electrode cell by using a power supply. The electrochemical cell was housed in a conventional 20 mm×80 mm glass test tube, and this test tube was placed in ultrasonication (ELMA T710DH, Germany). With dimensions of 30 mm × 10 mm × 0.5 mm, gold plate and platinum plate were cut to form the anode and cathode, respectively. These two electrodes were vertically placed face-to-face inside the cell. Electrodes in the cell were spaced 5 mm apart and held in place by Teflon spacers. Before each experiment, the gold electrode was washed with water and a small amount of acetone in ultrasonication. After the finish of the experiment, the platinum electrode was washed with aqua regia to dissolve gold residue. Finally, these electrodes were blown with highpurity nitrogen gas.
Synthesis of the GNDs
In a typical synthesis, the surfactant CTABr (0.08 M) served as the electrolyte and 3 ml of growth solution was put into the test tube. Next, a 30 mg amount of powdered auxiliary surfactant TTABr was added to the same test tube, where it floated on the reaction solution. A pipette was used to add 0.8 ml of acetone on top of the growth solution, after which the test tube was sonicated at 100 kHz for 3 min to mix all reaction materials well. Finally, the electrolysis time was 5 min and electrolysis was carried out under constant ultrasonication at 40 kHz. In this study, the acetone solvent was simultaneously injected into electrolyte solution by using a two-channel syringe pump at a rate of 80 μl min −1 during electrolysis. The typical current was set at 5 mA and the temperature was held constant at 36
• C.
Material characterization
The shape and size of the samples were measured by transmission electron microscopy (TEM, JEOL JEM-1230) operating at 100 kV. The high-resolution atomic image and selected area electron diffraction (SAED) were performed on a field-emission-gun TEM (FEG-TEM, Philips Tecnai G2 F20) working at 200 kV accelerating voltage and equipped with energy-dispersive x-ray spectrometry (EDS) elemental analysis. The formation of GNDs was confirmed by EDS analysis. For the observation of TEM, the sample was obtained by the following procedure: the resulting solution was centrifuged (Hettich MIKO-22R, Japan) at 6500 rpm for 20 min, to remove excess surfactant. Also, supernatant gold colloid was collected, which was centrifuged again at 12 000 rpm for 20 min, and then the precipitation was collected and re-dispersed in a small amount of ethanol, and a droplet (7 μl) of it was placed on a standard 200 mesh 3 mm carboncoated copper grid (Agar Scientific, UK) on a filter paper and allowed to dry at room temperature (∼25 • C) in the electronic dry cabinet for rapid removal of the liquid. For the x-ray diffraction (XRD) measurements, the sample was prepared by drop-casting one drop of the growth solution onto a clean quartz substrate and then dried in air. Then the sample was examined on a MAC science (MXT-III) instrument operating at 40 kV and a current of 30 mA with Cu Kα radiation. X-ray photoelectron spectroscopy (XPS, Escalab-210, VG Scientific) was used to study the electron spectra and elemental analysis. The optical behaviour of gold colloid was studied using an ultraviolet-visible (UV-vis) spectrometer (Hitachi 3310, Japan). The sample was obtained by the following procedure: the resulting solution was centrifuged at 6500 rpm for 20 min to remove excess surfactant, and the supernatant gold colloid was collected, which was used to measure the UVvis absorbance using a 1.5 ml cavity sorted cuvette at room temperature. The XPS spectra of the studied elements were measured with a constant analyser pass energy of 40.0 eV. For XPS characterization, the sample was prepared by dropcasting one drop of the reaction solution onto a clean glass slide (1 × 1 cm 2 ) and allowed to air-dry under ambient conditions (to evaporate water) before measurement. 
Results and discussion
Structure and shape of the GNDs
Figure 2(a) shows a TEM image of GNDs using an electrochemical method with the continuous addition of acetone solvent at an injected rate of 80 μl min −1 during electrolysis. It can be seen that the structure of a single GND is fatter at the two ends and thinner in the middle section, as shown in the inset of figure 2(a). Figure 2 (b) shows a TEM image using the electrochemical method without the addition of acetone solvent, indicating a large amount and shape of gold nanorods. In the inset of figure 2(b), the rod length is estimated to be in the range 20-40 nm and the diameter (width) in the range 8-15 nm. The structure of the gold nanorods is quite common for metal nanorods, such as silver and copper [29, 30] . Figure 2 (c) clearly delineates a schematic illustration of the nanodumbbells and nanorods, and the difference in the shape of the nanodumbbells and nanorods is the diameter (width) section. The nanorod's shape has the same distance in diameter section (i.e. width a = width b). In this study, the nanodumbbells shape is not identical in diameter section (i.e. width a = width b), indicating that the smallest distance in the middle section and the large distances at the two two ends are observed. A typical average diameter (d average ), average length (l average ) and standard deviation (σ ) of the GNDs are exhibited in figure 3 . The average length and average diameter (width) of the GNDs are 56.2 ± 7.3 and 17.3 ± 5.2 nm from 300 measured particles in a TEM image, by manual and statistical measurement respectively. The aspect ratio (γ ) for GNDs is 3.25, where γ is defined as the ratio of the length to the diameter of the cylinder. A typical TEM image of GNDs is shown in figure 4 (a). In addition to the shape of the GNDs, gold particles with several different shapes were also observed in the present method, as shown in figure 4(b). Various shaped particles, including spheres (∼5%) (mark 1), rod shapes (∼10%) (mark 2), dumbbell-like shapes (∼80%) (mark 3), and dog-bone shapes (∼5%) (mark 4), were observed. Specifically, the shape of the gold dog-bone in the above sample was first discovered by the electrochemical method even though it is not large in quantity and is not uniform in size. Furthermore, we have also found that the size of the gold dog-bone is bigger than the other shapes. To our knowledge, the production of gold dog-bone structures by seed-mediated growth with the addition of ascorbic acid has been researched since Murphy's early research work (2005) [10] . At this stage, such studies of gold dog-bones using the electrochemical method are in progress. However, more than 80% of the particles of the as-obtained gold had a dumbbell-like shape in this study. All the above results show that synthesis with the addition of acetone solvent is a key step for the formation of GNDs.
To determine whether the injected rate of acetone solvent has any effect on particle size and shape, a series of preparations was carried out using injected rates of acetone solvent varying from 20 to 40, 60 and 80 μl min −1 . Figures 5(a)-(d) shows the TEM images of gold nanoparticles using various injected rates of acetone solvent during electrolysis. The results clearly show that the shape of the gold nanoparticles can be changed by altering the injected rate of acetone solvent. When the injected rate of acetone is 20 μl min −1 , the gold nanoparticles are almost rod-shaped, with smaller size, as shown in image (a). When the injected rate of acetone is increased in the range from 40 to 60 μl min −1 , the gold nanoparticle shape begins to change To determine the structure characterization of the GNDs, an x-ray diffraction (XRD) experiment was carried out. The XRD pattern for GNDs in a wide-angle range is shown in figure 6 . XRD peaks from atomic lattices of the GNDs are clearly seen that peak at 2θ = 38.18
• , 44.39
• and 64.57
• , and are assigned as (111), (200) and (220) reflection lines, respectively. These peaks are consistent with the joint committee on powder diffraction standard (JCPDS 04-0784). The XRD pattern shows primarily the (111) Bragg reflection of face-centred cubic (FCC) structured gold crystals, indicating highly oriented growth of the GNDs. This is strong evidence for the preferential growth of the GNDs along the (111) direction as the particle length increases. Besides, it is noteworthy that the (200) and (220) Bragg reflections are extremely weak. No peak characteristics of any impurities were observed. This structure feature of GNDs is quite similar to the normal gold nanorods [31] .
Composition and elemental analysis of the GNDs
The GNDs produced using the electrochemical method with the continuous addition of acetone solvent using XPS analysis are shown in figures 7(a) and (b) for studying the composition of the gold nanodumbbells. The elements detected should be carbon, oxygen and gold in the present method. The widescan spectrum reported in figure 7(a) is the spectrum of C-1s, O-1s, N-1s, Br-3d and Au-4f core levels for the GNDs and reaction materials (i.e. surfactant, water and acetone). No other materials are observed in the XPS spectra. The binding energy at 284.5 eV is the C-1s core-level peak and the O1s core-level peak is observed at 531.3 eV. In this study, the cationic surfactants of the CTABr and TTABr are based on the nitrogen (N) atom carrying the cationic charges, thus they absorb strongly onto the GNDs surface [32] . An N-1s peak from the front part of the surfactant hydrophobic group is seen at a binding energy of 420.2 eV. The Br-3d 5/2 and Br-3d 3/2 core-level spectra peaks are respectively at 186.8 and 180.2 eV, which indicates the presence of the hydrophilic portion of the surfactant. Figure 7 (b) shows an enlargement of the Au-4f core-level spectrum, which presents two gold bands, Au-4f 7/2 and Au-4f 5/2 at ∼84.2 and ∼87.8 eV, respectively. These are characteristic values for Au(0). However, the 4f core-level spectra are well described using only two peaks corresponding to the element gold. The binding energy difference between the Au-4f 7/2 and Au-4f 5/2 peaks is 3.6 eV. The typical Au-4f 7/2 and Au-4f 5/2 bands for bulk gold binding energy occur at 83.9 and 87.6 eV, respectively [33] . We note that the value of the binding energy becomes smaller as particle size shifts to higher value, compared with that for bulk gold. The phenomenon is probably due to a shift in the Fermi level. Such shifts have been reported elsewhere [34, 35] . Furthermore, the samples of GNDs were confirmed by EDS analysis to be pure gold, as shown in figure 7(c) . No other elements were detected, indicating that these nanodumbbells are purely gold. The Cu peak in this chart corresponds to the Cu grid as a carrier of the GNDs during the test.
Optical behaviour of the GNDs
It is well known that metallic nanoparticles exhibit absorption bands in the UV-vis range. The absorption behaviour arises from surface plasmon resonances (SPR), which are sensitive to the particles shape and size. In order to study the optical behaviour of gold nanodumbbells, we use four kinds of samples with different shapes and aspect ratios of gold nanoparticles (see table 1 ) to compare the absorption spectra with each other. Figure 8 shows the UV-vis absorption spectra [36] , spherical particles exhibit a single SPR band, whereas anisotropic particles should exhibit two or three bands, depending on their shapes and sizes. Generally, metal particles with rod shapes show two SPR absorption bands that are characteristic of the long and short axes of the rods. When a single nanorod is formed, one peak corresponding to the short axes (transverse dipole resonance) appears at a shorter wavelength around 520 nm, while the other corresponding to the long axes (longitudinal dipole resonance) appears at a longer wavelength around 600-1300 nm, depending on the aspect ratio [17] . By changing the shape of gold nanoparticles from a short rod such as sample B to a long rod such as sample D, the longitudinal SPR band shifts from 690 to 880 nm, corresponding to an increase in the aspect ratio from 2.79 to 4.49. In other words, the longitudinal SPR band shifts to the red as the aspect ratios increase. In this study, the SPR bands of the GNDs were similar to gold nanorods, depending on their aspect ratios. Most of GNDs were thinner in middle section than normal gold nanorods, therefore the longitudinal SPR band of GNDs will shift to longer wavelength due to the higher aspect ratio. These phenomena in our study are consistent with the result of Sau [27] . Figure 9 (a) shows the TEM image of a single GND using the electrochemical method with the continuous addition of acetone solvent. The high-resolution transmission electron microscopy (HRTEM) image in the inset of figure 9(a) shows that the GNDs are single crystals with no observable stacking faults and twin defects, in agreement with the previous result on gold nanorods [37] . The fringe spacing is measured to be 0.226 nm, which corresponds well with the spacing between (111) planes of the FCC gold (0.235 nm). Figure 9 (b) shows an electron beam perpendicular to the facets of individual GNDs. The spot array indicates that the GNDs were single crystal, a result which is consistent with HRTEM analysis. The lattice constant calculated from this selected-area electron diffraction (SAED) pattern is 4.068Å, which agrees with a value reported in the literature for FCC lattice gold phase (a = 4.078Å; JCPDS 04-0784). Specifically, the contrast patterns of the TEM image between the corner mark I and face mark II are clearly present and are composed of thickness fringes of GNDs in the surface, as shown in figure 9(c) . When the surface of the GNDs is oriented nearly perpendicular to the electron beam, the TEM image of GND gives a fringed thickness owing to the thickness variation in the surface across the GND. So the surface of the GND is not very smooth, indicating that the structure of the GND in the surface has different facets and lattice features. A boundary between the face and edge is clearly present and is composed of two kind lattice orientations, as shown in the inset of figure 9(c).
Morphology characterization of the GNDs
The same situation was also found in gold nanorods [38] . Figure 9 (d) shows a TEM image of gold nanorods using the electrochemical method without the continuous addition of acetone solvent. In the inset of figure 9(d), the surface of the gold nanorods is fairly rough and the boundary between the face and the corner contains fringes in two facets when a gold nanorod is observed at atomic-scale resolution. Previous studies have revealed that gold nanorods in the surface were confirmed by {100} facets in the corners and {110} facets in the top, and the growth direction was [001] [39, 40] . Figures 10(a) and (b) show the bright-field (BF) TEM image of single GND and corresponding dark-field (DF) TEM image. Using DF TEM image analysis in figure 10(b) , it was determined that this contrast arises from thickness fringes oriented for strong Bragg scattering. The thickness fringes exhibiting strong diffraction contrast are simultaneously visible as ring pattern, bright regions in the GND surface. From two-beam dynamic diffraction theory, the intensity of the DF TEM image under the Bragg condition follows sin 2 (πd/ξ g ) [41] , where d is the sample thickness and ξ g is the so-called extinction distance depending on the crystal structure factor and the electron wavelength. The thickness fringes observed across the GND in the DF TEM image would Scheme 1. Schematic illustration of the formation process of gold nanodumbbells using the electrochemical method with the continuous addition of acetone solvent.
be symmetric around its axis, as shown in inset of figure 11(a) . When the surface of a single gold dumbbell is oriented nearly perpendicular to the electron beam, the thickness fringes of GNDs in the surface are equally separated at each side of the axis. The configuration of GNDs is presented schematically in the lower part of figure 11(a) . The DF TEM image analysis confirms thickness fringes of GNDs due to varied facets in the nanodumbbell's top surface. Thus, the surface of a GND is not a flat structure. At this stage, the cross-sectional structure of GNDs is still not fully understood. The images from TEM analysis cannot show the cross-sectional structure of the gold nanodumbbells directly, but the GNDs should lie on a carbon film with one side of the long axis parallel to the carbon film and perpendicular to the electron beam. In order to study the cross-sectional structure of GNDs, a rotation around the GND axis from 0
• to 23
• by means of a microscope tilting stage reveals three DF TEM image contrast patterns, as shown in figure 11 . When the long axis of GNDs has no rotation in figure 11(a) , the DF TEM image exhibits a symmetric contrast pattern with three lattice plane fringes as planes 1 to 3, which are presented schematically in the lower part of figure 11(a) . Besides, the long axis of the GNDs from the 15
• rotation in figure 11 (b) exhibits a non-symmetric contrast pattern with four lattice plane fringes as planes 1 to 4, which are presented schematically in the lower part of figure 11(b) . The DF TEM image contrast patterns result from different lattice planes in the GND's surface. It was also observed that the DF TEM image from the 23
• long axis rotation in figure 11 (c) exhibits a symmetric contrast pattern with four lattice plane fringes as planes 1 to 4, which are presented schematically in the lower part of figure 11(c). In this study, the long axis of gold nanodumbbells with rotation by DF TEM image analysis further confirmed that GNDs in cross-section have an octagon structure.
Proposed growth mechanisms of the GNDs
We propose that the continuous addition of acetone solvent to electrolyte solution with surfactants during electrolysis causes the formation of GNDs. The growth mechanism of these GNDs can be depicted schematically as shown in scheme 1. During electrolysis using the electrochemical method, the bulk metal at the anode is oxidized to metal cations, which then migrate to the cathode where reduction reaction occurs, with the formation of adatoms [42] . These adatoms are trapped by the surfactant to form the nanoparticles. The surfactant as electrolyte and stabilizer in the growth solution is generally considered to be a micelle template for controlling the size and shape of the particle. Hence, the surfactant plays a crucial role here. Nikoobakht et al found that surfactant forms a bilayer on the surface of a gold nanorod as a micelle template [43] , and different sections on the gold nanorod surface have a different affinity with the surfactant. Gao et al also reported that assembly of surfactant bilayers along the long gold nanorod faces is preferred [44] compared to the ends, as shown in picture (I) of scheme 1. However, it is considered without the addition of acetone solvent to comprise mainly two processes: (i) the formation of a bilayer of the surfactant on the surfaces of gold nanorods provides enough stabilization as a micelle template during the growth of gold nanorods using the electrochemical method; and (ii) the surfactant micelle template during gold nanorod growth led to the inhibition of growth along the long axis of the rods and enhanced growth at the ends of the nanorods, promoting the formation of longer gold nanorods. As reported by Tornblom et al, organic solvent could usually dissolve a polar group of surfactant at the hydrocarbon/water interface of the micelle when the organic solvent was added to a surfactant solution [45] . Hence organic solvents decrease the surface charge density of ionic micelles and thereby change the geometric shape of the surfactant micelle template. Our previous work using the electrochemical method with a surfactant solution and the addition of isopropanol solvent suggested that gold nanorods with a crooked structure were formed [23, 24] . Gou et al also reported that the addition of ascorbic acid with surfactant solution causes a transition from a rod shape to a dog-bone structure [10] . Therefore, the continuous addition of acetone solvent during electrolysis possibly causes the change in micelle-template shape in this work, leading to gold nanorods with dumbbell structures, as shown in picture (II) of scheme 1. Specifically, GNDs were found at the same sample ( figure 4(b) ). The size of the gold dog-bone is bigger than the other shapes. These gold dogbones are formed after the growth of the GNDs, as shown in picture (III) of scheme 1. However, the growth mechanism for between GNDs and a gold dog-bone using the electrochemical method via acetone solvent is still under investigation.
Conclusion
We have demonstrated the first sample of GNDs prepared using the electrochemical method. It has been shown that the addition of acetone solvent to a surfactant solution plays an important role in the formation of GNDs. The singlecrystalline GNDs were successfully fabricated with an octagon structure in cross-section. The aspect ratio of the GNDs is about 3. Further measurements are now necessary to get a better understanding of these GNDs. This preparation of GNDs is proven to be a simple and effective synthesis method.
